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A B S T R A C T
In the coastal areas of Northeast Brazil, coconut growers are replacing the tall varieties by the dwarf ones,
following incentives for the coconut’s water market. The current study aimed to determine and analyze actual
evapotranspiration (ET) and biomass production (BIO), for dwarf coconut water productivity (WP) assessments.
This was done to subsidize the rational irrigation and crop management, by using Landsat 8 images together
with agrometeorological data during the year 2016 in the Camocim County, coastal zone of Ceará state. The
SAFER (Simple Algorithm for Evapotranspiration Retrieving) algorithm was used to retrieve ET, while for BIO
estimations we applied the Monteith’s radiation use efficiency model (RUE), then the water productivity based
on ET was calculated (WPET=BIO/ET). The highest ET and BIO rates, above 4.0 ± 0.6mm d−1 and
140 ± 37 kg ha−1 d−1, respectively, happened from May to July, retrieving WPET pixel values larger than
3.5 kgm−3. It was noticed some water stress conditions, with the fraction ET to reference evapotranspiration
(ET0) dropping below 0.60 from the start of August to the end of the year, affecting the WPET values. Considering
also WP in terms of fruits and coconut’s water produced, it averaged 1.9 coconut fruits and 0.8 L of coconut
water per cubic meter of water consumed, respectively. The results can support techniques for irrigation water
storage at the palm root zones, while increasing dwarf coconut yield in Northeast Brazil.
1. Introduction
Coconut (Cocos nucifera L.) is commercially grown around the Word,
between latitudes 20°N and 20°S (Carr, 2011). In Brazil, the cropped
areas are mainly along the Northeast coast, where, in addition to the
positive market aspects, the dwarf palms, under good crop and water
management, can flower at nearly two years after seeding (Sousa et al.,
2011). Depending on the environmental conditions, the coconut palms,
at the production stage, can present water consumption from 100 to
240 L palm−1 d−1 (Carr, 2011). However, research carried out by
Cintra et al. (2009) revealed that irrigation water for dwarf coconut of
100 L palm−1 d−1, was more efficient than the conventionally applied
volume of 150 L palm−1 d−1 in the Sergipe state, Northeast Brazil.
Thus, coconut crop demands studies on how to optimize water pro-
ductivity (WP).
WP may be defined as the ratio of the net benefits from crop, for-
estry, fishery, livestock and mixed agricultural systems to the amount of
water required to produce those benefits. Considering vegetation, WP
can be biomass production (BIO) per water consumed, including that
originated from rainfall, irrigation, seepage and changes in root-zone
storage (Molden et al., 2007). In general, irrigation managers are in-
terested in yield per unit applied irrigation water, but the drawback is
that not all irrigation water is used for generating crop production
(Teixeira et al., 2009). In this paper, coconut WP is considered as the
ratio of BIO by actual evapotranspiration (ET), but also in terms of
fruits and coconut’s water produced by ET.
Quantification and analyses of the coconut WP is important, rising
in importance when considering the actual climate and land-use change
conditions in some agricultural growing regions, with consequent water
use competitions among different sectors (Jayakumar et al., 2017).
These situations are currently happening in the coconut growing areas
of Northeast Brazil, promoting a crescent demand for root-zone water
conservation practices, which can improve WP, such as mulching with
dry coconut leaves, and crushed coconut barks (Cintra et al., 2009;
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Resende et al., 2015).
Field measurements have been carried out in coconut crop to re-
trieve WP components, involving energy (Roupsard et al., 2006;
Madurapperuma et al., 2009) and water balance (Azevedo et al., 2006;
Miranda et al., 2007) techniques. However, these punctual studies fail
to picture the spatial variation of the root-zone moisture and leaf area
(Holtzman et al., 2018), bringing importance of up scaling tools for
coconut water management decisions.
Remote sensing from satellite images, together with agrometeor-
ological data, is a viable tool for determining the spatial variations of
the coconut WP components, under different crop and water manage-
ment. Several algorithms have been developed which can do this task,
presenting advantages and shortcomings (Bhattarai et al, 2017; De La
Foent-Sáiz et al., 2017; Wagle et al., 2017; Almeida et al., 2018;
Ramírez-Cuesta et al, 2019). For operational purposes, applications of
the Penman-Monteith (PM) equation has been suggested for retrieving
these components at different spatial and temporal resolutions
(Teixeira, 2010; Singh et al., 2014; Senay et al., 2017; Vanino et al.,
2018).
Considering the operationally of the PM equation, the SAFER
(Simple Algorithm for Evapotranspiration Retrieving) algorithm was
developed to estimate ET, by coupling remote sensing parameters and
agrometeorological data (Teixeira, 2010). After elaboration and vali-
dations in the Northeast Brazil, its applications in mixed Brazilian agro-
ecosystems has been contributing to better knowledge of the WP
components and other agrometeorological indices. These knowledges
can subsidize water conservation practices without losing agricultural
yield (Franco et al., 2016; Nuñez et al., 2017; Silva et al., 2018a, 2018b;
Teixeira et al., 2018).
Despite remote sensing and field measurements for quantifying WP
components had been carried out in several agro-ecosystems, only one
by satellite images is found for the dwarf coconut crop in Brazil (Silva
et al., 2012). On the other hand, most results from coconut field ex-
periments did not consider WP based on ET. Instead, they did this based
on irrigation (Roupsard et al., 2006; Miranda et al., 2007; Naresh
Kumar et al., 2008; Cintra et al., 2009; Resende et al., 2015). Thus,
there is still a lack of knowledge on the actual coconut water use and of
yield responses to water consumed, needing approaches to address
more information on WP based on ET (Carr, 2011). The challenge that
remains, under the climate instability of the Northeast Brazil, is to
quantify how little rather than how much water is needed to produce
economically a viable dwarf coconut, considering different crop and
water management.
The objective of this paper was to apply the SAFER algorithm
(Teixeira, 2010), together with the Monteith’s radiation use efficiency
(RUE) model (Monteith, 1972), by using Landsat 8 images together
with agrometeorological and yield data, to quantify and analyze the WP
components for dwarf coconut crop. The results can subsidize crop and
water management decisions, agro-climatic zonation, and irrigation
scheduling in Northeast Brazil.
2. Materials and methods
2.1. Study areas and data set
Fig. 1 shows the study areas together with the agrometeorological
station, inside the Boa Esperança farm, from Ducoco Alimentos S.A., in
the Camocim County (Lat. 02°59′46″S; Long. 41°01′08″W, Alt. 22m),
coastal zone of Ceará state, Northeast Brazil.
The Camocim County is located in the coastal zone of Ceará state,
Northeast Brazil. This region presents two climatically distinct periods;
one is dry and long, while the other one is humid, short and irregular,
with the rains concentrated in the first half of the year (Kelting, 2010).
The thermal regime is characterized by high air temperatures (Ta), but
presenting low thermal annual amplitudes, due proximity from
Equator. The maximum Ta values, averaging 30.7 °C, occur in
November, at the sun-zenith position and low cloud cover conditions,
while the minimum ones are around 21.2 °C, in July, during the winter
solstice (Moraes et al., 2006).
The crops on the farm are the cv. Jiqui dwarf coconut palms totaling
127 ha. The studied ones were planted in 2013, 2012 and 2011, inside
the areas A1, A2, and A3, respectively, as shown in Fig. 1, under a
triangular spacing of 10m×10m (115 palms ha−1), in a sandy, deep
and well-drained soil. The average palm height was 5m in 2016, being
the crop daily micro-sprinkler irrigated by one emitter per palm, at a
mean rate of 70 L h−1. Fertilizers were applied three times per year by
using organic compost, and bunches were harvested each 21 days.
An agrometeorological station was installed close to the coconut
areas (see Fig. 1), and the agrometeorological data used together with
nine Landsat 8 satellite images, orbital/pointer 218/062, acquired at
January 22, May 13, June 14, June 30, July 16, August 01, August 17,
September 02 and November 05, involving different thermo-
hydrological conditions during the year 2016. Data on global solar ra-
diation (RG), Ta and reference evapotranspiration (ET0) calculated by
the Penman-Monteith method (Allen et al., 1998) were used together
with remote sensing parameters, the surface albedo (α0) and the Nor-
malized Difference Vegetation Index (NDVI), for estimating the fraction
of ET to ET0 (ETf) through the SAFER algorithm, originally called PM2
by Teixeira (2010).
Under cloudy conditions, at some dates of the satellite revisit, in-
terpolations taking successive average values of α0 and NDVI pixels,
between these dates were performed for ETf acquirements, and the
estimated ETf images used together with the daily agrometeorological
data for these days, allowing continuous tracking of the coconut WP
components along the year.
2.2. Modelling coconut water productivity
Fig. 2 shows the flowchart for acquirements of the coconut WP
components, applying the SAFER and RUE models by using the visible
and infrared bands from the Landsat 8 (L8) sensor together with
agrometeorological data.
The L8 bands, from 1 to 7 (spatial resolution of 30m) were used for
α0 and NDVI calculations, while surface temperature (T0) was esti-
mated by applying the residual method having acquired all the radia-
tion balance terms. Teixeira et al. (2016) have validated the SAFER
algorithm by using Landsat images without the thermal band in the
Northeast Brazil. According to Mokhtari et al. (2019), several other
recent studies have demonstrated the suitability of retrieving the WP
components without the satellite thermal bands (Castelo et al., 2018;
Rozenstein et al., 2018; Vanino et al., 2018). The option for estimating
T0 by the residual method (Teixeira et al., 2016) in the current study,
was due to problems with some pixels in the L8 thermal bands 10 and
11 (spatial resolution of 100m), including clouds, while bringing all the
results to a better 30m spatial resolution. Besides, the L8 visible and
infrared bands were resampled to a 5m pixel sizes, by using a RapidEye
image acquired in the year 2014 (image in the left side of Fig. 1).
All the regression coefficients in Fig. 2 were previously determined
in Northeast Brazil, by simultaneous Landsat and field measurements,
involving strongly contrasting agro-ecosystems and thermohydrological
conditions throughout several years (Teixeira et al., 2008; Teixeira,
2010). Field data used for model elaboration and validations involved
sparse irrigated crops and natural vegetation (Caatinga) from 2001 to
2007 (Teixeira et al., 2008). Table grapes were micro sprinkler irrigated
conducted by an overhead trellis system; wine grapes were drip irri-
gated carried out by a vertical trellis system; mango orchard was micro
sprinkler irrigated; and measurements in Caatinga involved mixed
species under different rainfall conditions. In addition, ETf values under
optimum soil-moisture conditions in the current coconut study were
checked with the crop coefficient (Kc) approach (Allen et al., 1998)
from literature. Thus, with all these strongly contrasting conditions and
assumptions, one can expect sufficient accuracy for coconut WP
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analyses under the Brazilian Northeast conditions.
Following Fig. 2, the spectral radiances (Lb) from bands (b) 1–7,
were computed from its Digital Numbers (DNb):
= × +L Gain DN Offsetb b (1)
where Gain and Offset refer to the values given in the metadata file
(Vanhellemont and Ruddick, 2014).
Fig. 1. Location of the study areas together with the agrometeorological station, in the Camocim County, coastal zone of Ceará state, Northeast Brazil.
Fig. 2. Flowchart for acquiring the water pro-
ductivity (WP) components for coconut crop, ap-
plying the SAFER and RUE models by using the
visible and infrared bands from the Landsat 8
sensor together with agrometeorological data.
Note: DN – Digital number; RG – Incident global
solar radiation; Ta – Mean air temperature; RH –
Relative humidity; u – wind speed; Lλ – Spectral
radiation for each band; RR – Reflected global solar
radiation; Ra – Emitted atmospheric radiation; Rn –
Net radiation; αp – Planetary albedo; PAR –
Photosynthetically active radiation; NDVI –
Normalized Difference Vegetation Index; α0 –
Surface albedo; T0 – Surface temperature; Rs –
Emitted surface radiation; ETf – Evapotranspiration
fraction; ET0 – Reference evapotranspiration; APAR
– Absorbed photosynthetically active radiation; ET
– Actual evapotranspiration; BIO – Biomass pro-
duction; WPET – Water productivity based on ET.
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The planetary albedo for each Landsat satellite band (αpb) was
calculated as:
=p L d
Ra cosb
b
b
2
(2)
where Lb is in W m−2 sr−1 µm−1, d is the relative earth-sun distance;
Rab is the mean solar irradiance at the top of the atmosphere (or at-
mospheric irradiance) for each band (W m−2 µm−1), and φ the solar
zenith angle.
Rab was calculated according to the Planck’s low, integrating the
radiation over the wavelength intervals and considering its fraction
over the solar spectrum, assuming the sun as a blackbody. Then, the
broadband planetary albedo (αp) was calculated as the total sum of the
different narrow-band pbvalues, according to the weights for each
band (wb).= wp b pb (3)
where the wb values were computed as the ratio of the incoming
shortwave radiation from the sun at the top of the atmosphere in a
particular band and the sum for all the bands.
For α0 estimations, atmospheric corrections were done for αp,
considering both satellite overpass and the 24-hour values, throughout
regression equations from previous coupled field and Landsat mea-
surements (Teixeira et al., 2008; Teixeira, 2010).
The atmospheric radiation (Ra) was calculated throughout the
Stefan-Boltzmann law:=R Ta A a4 (4)
where σ is the Stefan-Boltzmann constant (5.67×10−8 W⋅m−2⋅K−4),
Ta was measured at the agrometeorological station, and the atmo-
spheric emissivity (ɛA) were calculated as (Teixeira et al., 2008):= a (ln )A A sw bA (5)
with aA and bA being the regression coefficients.
With measured RG at the agrometeorological station and α0 ac-
quired from remote sensing measurements, the daily values of the re-
flected solar radiation (RR) were calculated:=R RR G0 (6)
To retrieve T0 by the residual method, the Rn daily values were
estimated throughout the Slob equation:=R R a(1 ) ( )n G L0 (7)
where τ is the atmospheric transmissivity, calculated (RG/Ra) and aL is
the regression coefficient, which in turn was correlated with Ta
(Teixeira et al., 2008).
Having RG, RR, Ra, and Rn, the longwave emitted radiation by the
cropped surface (Rs) was obtained as residue in the radiation balance:= +R R R R Rs G R a n (8)
The daily residual T0 values were then estimated as:
=T Rs
S
0 4 (9)
being ɛS the surface emissivity estimated according to Teixeira et al.
(2018):= +a NDVI blns s s (10)
where as and bs are regression coefficients.
The daily values of the ET to ET0 fraction (ETf) were modeled:
= +ET a b T
NDVI
expf sf sf 0
0 (11)
where asf and bsf are regression coefficients.
The ETf images were multiplied by ET0 to retrieve the daily ET
values. (Franco et al., 2016; Nuñez et al., 2017; Silva et al., 2018a,b;
Teixeira et al., 2018):=ET ET ETf 0 (12)
The photosynthetically active radiation (PAR) was estimated by:=PAR a Rp G (13)
where ap is a regression coefficient found to be 0.44 for the Northeast
Brazil (Teixeira et al., 2008).
The absorbed PAR (APAR) was calculated as:=APAR f PARp (14)
being fp estimated from NDVI (Bastiaanssen and Ali, 2003):= +f b NDVI cP p p (15)
where bp and cp are regression coefficients.
For BIO calculations, the Monteith’s RUE model (Monteith, 1972)
was used, introducing the moisture effect through ETf (Teixeira et al.,
2018):=BIO ET APAR( 0.864)fmax (16)
where εmax is the maximum radiation efficiency use and 0.864 is the
unit conversion factor. For coconut, εmax of 2.4 gMJ−1 was used
(Naresh Kumar et al., 2008).
Besides WP being considered as the ratio of BIO to ET (WPET), with
yield data available, it was also analyzed in terms of coconut fruits and
coconut water volume by ET (WPCcFt and WPCcWt, respectively).
3. Results and discussion
3.1. Weather conditions
As coconut ET and BIO rates will depend on the weather conditions,
firstly, the rainfall amounts and parameters related to the atmospheric
demands and photosynthetic activities were analyzed, at daily time-
scale, during the year 2016. Fig. 3 shows the tendencies for pluvial
precipitation (P) and ET0 (a) together with those for RG and Ta (b), in
terms of Day of the Year (DOY).
According to Naresh Kumar (2008) a well distributed rainfall of
1300–2300mm yr−1, with a mean Ta of 27.0 ± 5.0 °C and RG around
21–30MJm−2 d−1, provides optimum conditions for coconut growth
and yield. When rainfall is not enough to meet the crop water re-
quirements, the palms need irrigation (Jayakumar et al., 2017). Ac-
cording to Fig. 3a, rainfalls were concentrated in the first half of the
year, with P daily values above 30mm on several occasions, not
needing irrigation. Although the annual total of 1309mm staying at the
lower end of the ideal range reported by Naresh Kumar et al. (2008),
from July (DOY 191) to the end of the year, rains were absent, similar
conditions of the local climatological pattern (Kelting, 2010). Re-
garding the atmospheric demand, as the study farm is close to equator,
the ET0 amplitude was short, with the highest values starting in Sep-
tember (DOY 245), overcoming 5.0mm d−1, intensifying the water
deficit in the climatic water balance. Thus, for good coconut production
levels, because of the dryness of the climate, irrigation is essential
during the second half of the year.
According to RG tendencies (Fig. 3b), the maximum levels were
from DOY 219 (August 06) to DOY 346 (December 11), when the daily
values were higher than 20MJm−2 d−1. The minimum ones occurred
during the rainy period, between DOY 074 (March 14) and DOY 117
(April 22), when the cloud cover was significant, with RG dropping
below 15MJm−2 d−1, in some days. However, during most of the
periods along the year, RG was inside the optimum conditions for co-
conut BIO reported by Jayakumar et al. (2017), in a range from 7.6 to
23.4MJm−2 d−1. Daily Ta values (Fig. 3b), in general followed those
for RG. However, inside the rainy season, some high Ta values happened
A.H.d.C. Teixeira, et al. ISPRS Journal of Photogrammetry and Remote Sensing 155 (2019) 150–158
153
under low RG levels. The hottest period was from DOY 276 (October 02)
to the end of the year, when Ta was larger than 28.0 °C, while the
coldest one was in July (DOY 183–213), when Ta dropped below
26.0 °C. The Ta levels were also within the optimum thermal conditions
for coconut pointed out by Jayakumar et al. (2017).
3.2. Coconut water productivity
Fig. 4 shows the spatial distributions and averages of the WP
quarterly (Q) daily values for the irrigated dwarf coconut, involving
different palm ages and thermohydrological conditions during the year
2016, in the Camocim County, coastal zone of the Ceará state, North-
east Brazil.
Clearly one can see spatial differences on ET, BIO and WPET pixel
values in the A1 (three-year-old palms), A2 (four-year-old palms), and
A3 (five-year-old palms) dwarf coconut areas, accordingly to the period
of the year. The largest values for all WP components occurred in the
second quarter (Q2), at the end of the rainy period, conditions of high
root-zone moisture, but for both, coconut palms and inter-row weeds.
The lowest ones were during the third quarter (Q3), the climatically
driest period of the year, when coconut palms was covering only 50% of
the soil and receiving localized irrigation water, while inter-row weeds
dried out.
The highest ET and BIO spatial variations were in Q1, inside the
rainy season, when the standard deviations (SD) were respectively 19%
and 25% of the average pixel values. On the other hand, the lowest SD
values happened in Q2, just after the rains, when they were respectively
16 and 22% of the average pixel values. In case of WPET, these corre-
sponding limits were in Q3 (11%) and Q1 (8%).
Fig. 5 presents the tendencies of the ET, BIO and WPET daily average
pixel values, in terms of day of the year (DOY), for the dwarf coconut
areas, with palms three (A1), four (A2), and five (A3) years old, during
the year 2016, in the Camocim County, coastal zone of the Ceará state,
Northeast Brazil.
The largest ET values occurred from May to July (DOY 150–214),
reaching to mean rates of 4.5mm d−1 for the three-year-old palms (A1
area). During this peak period, the maximum rates in the A2 and A3
areas, four and five-year-old palms, were 4.3 and 4.1mm d−1, re-
spectively. The lowest ET values, considering all coconut areas, were
around 1.0 mm d−1, happening in April (DOY 102), at the end of the
rainy period, while the annual averages ranged from 2.6 to 2.9mm d−1
among the different palm ages.
From remote sensing measurements, Silva et al. (2012) found ET
values ranging from 4.4 to 5.6mm d−1, when applying SEBAL algo-
rithm to Landsat images in a five-year-old irrigated dwarf coconut,
during the hottest conditions of the semi-arid region in the Paraíba
state, Northeast Brazil. By using the METRIC model, also to Landsat
images, Folhes et al. (2009), reported ET rates between 3.0 and 6.0 mm
d−1 in irrigated fruit crops, under the semi-arid conditions of the Ceará
state, Northeast Brazil.
Regarding field measurements, in Sergipe state, coastal zone of the
Northeast Brazil, through the soil water balance approach, Azevedo
et al. (2006) found mean ET values from 2.5 to 3.2 mm d−1 for six-year-
old dwarf coconut palms, varying according to the irrigation water
applied levels. Also in Sergipe and for dwarf coconut, Sousa et al.
(2011), from lysimetric measurements, reported average values of
3.9 mm d−1 in a range from 2.0 to 5.6 mm d−1. In the coastal zone of
the Ceará state, Northeast Brazil, Miranda et al. (2007), using the soil
water balance method, found maximum ET of 5.0 mm d−1 for a three-
year-old dwarf coconut, averaging 3.9 mm d−1, when the crop aged
four years. Carr (2011) presented a summary of average ET for mature
dwarf coconut ranging from 1.7 to 5.0mm d−1. According to this last
author, a typical coconut ET rate should be probably 3.0–3.5 mm d−1.
One of the reasons for the ET differences between field and remote
sensing measurements is that for the satellite image cases, the results
represent average pixel values.
As there is a relation between ET and BIO, maximum values for both
WP components occurred at the same periods, with BIO reaching to
daily rates of 170 kg ha−1 d−1 in A1 area (three-year-old palms). The
maximum BIO values in A2 (four-year-old palms) and A3 (five-year-old
palms) areas were 137 and 132 kg ha−1 d−1, respectively. However,
the lowest BIO, around 36 kg ha−1 d−1, considering all coconut areas,
occurred in February (DOY 054), inside the rainy period, as a con-
sequence of declining RG levels that limited the photosynthetic activity.
The mean annual BIO ranged from 73 to 84 kg ha−1 d−1 among all
palm ages.
Under different agro-climatic zones in India, simulated average BIO
values ranged from 93 to 100 kg ha−1 d−1 for irrigated coconuts
(Naresh Kumar et al., 2008), little higher than those for the current
study. In the agricultural growing region of the North of Minas Gerais
state, semi-arid conditions of Southeast Brazil, Teixeira et al. (2018),
reported BIO values between 78 ± 62 and 132 ± 64 kg ha−1 d−1, for
different irrigated crops. The similarity between these last values and
those from the current study brings confidence of the applied models
for WP coconut assessments in the coastal zone of the Northeast Brazil.
In relation to WPET results, the maximums values coincided with
those for ET and BIO, reaching to 3.7 kgm−3 in A1 area (three-year-old
palms). During this period, those for A2 (four-year-old palms) and A3
(five-year-old palms) were 3.4 and 3.3 kgm−3, respectively. The lowest
WPET values, around 2.3 kgm−3, occurred from September to
November (DOY 262–310), for all palm ages. Nuñez et al. (2017), ap-
plying the SAFER algorithm and the RUE model to Landsat 8 images in
Fig. 3. Tendencies of the daily values for agrometeorological parameters, during the year 2016 in terms of Day of the Year – DOY. Pluvial precipitation – P together
with reference evapotranspiration – ET0 (a); and global solar radiation – RG together with mean air temperature – Ta (b).
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the northwestern side of São Paulo state, Southeast Brazil, found
average WPET of 3.4 kgm−3 for perennial crops, similar to our dwarf
coconut results.
Having available 21-day periods of yield and ET data in the A2 area
(four-year-old palms), from DOY 095–357 (April to December), it was
possible to analyze WP in terms of fruits and coconut water (WPCcFt and
WPCcWt, respectively). Fig. 6 shows the coconut fruits – CcFt and co-
conut water – CcWt produced at this time-scale (a), and the relationship
between the accumulated values for coconut water – CcWtac and bio-
mass production – BIOac (b).
According to Fig. 6a, the highest CcFt and CcWt values, in the 8.1 ha
of the A2 area, were from DOY 211 (July 29) to 273 (September 29),
when reached to peaks above 500 fruits d−1 and 225 L d−1, respec-
tively. The lowest ones happened between DOY 147 (May 26) and 168
(June 16), when dropped respectively below 230 fruits d−1 and 120 L
d−1. From Fig. 6b it is noticed the high correlation between CcWtac and
BIOac, with the variations on BIOac explaining 95% of those for CcWtac.
From May to December of 2016, coconut fruit productivity ranged from
29 to 62 fruits ha−1 d−1, while for the coconut water volume it was
within 310–585 L ha−1d−1. Naresh Kumar et al. (2008) reported co-
conut productivity levels from 19 to 75 fruits ha−1 d−1, but involving
various agro-climatic zones and different irrigated giant and dwarf
varieties in India. According to these last authors, modelling BIOac al-
lows estimations of carbon sequestration potentials and carbon stocks
in dwarf coconut plantations.
WPCcFt and WPCcWt mean values ranged from 0.9 to 2.5 fruits and
0.5–1.2 L of coconut water per cubic meter of water consumption, in
DOY 147 (May 26) – 189 (July 07) and from 273 (September 29) to 294
(October 20). The respective annual averages were 1.9 fruits m−3 and
0.8 L m−3. From a soil–water balance experiment, Azevedo et al.
(2006), reported higher WPCcWt values, ranging from 3.0 to 2.8 L m−3,
in Sergipe state, Northeast Brazil, with increasing irrigation water level
from 50 to 150 L palm−1.
Taking into account the local price of US$ 0.50 for liter of coconut
water, the WP monetary values (WP$) ranged from 0.23 US$ m−3 (DOY
168–169, June 16 to July 07) to 0.58 US$ m−3 (DOY 273–294,
September 29 to October 20. Teixeira et al. (2009) reported WP$ values
from 0.36 to 1.55 US$ m−3; 2.24–5.10 US$ m−3; and 3.74–8.80 US$
m−3, for respectively irrigated wine grape, mango, and seedless table
grape, in the semi-arid region of Northeast Brazil. Comparing our WP
results with those from literature it is evidenced the need for im-
provements on irrigation management of dwarf coconut crop, as for
instance, by using root-zone moisture conservation techniques.
3.3. Coconut root-zone moisture
The analyses of the root-zone moisture tendencies, along the year
2016, were carried out by the ETf index (see Eq. (11)), considering the
Fig. 4. Spatial distributions and averages of the WP quarterly (Q) daily values for the irrigated dwarf coconut during 2016, with palms aging three (A1), four (A2),
and five (A3) years. ET – Actual evapotranspiration; BIO – Biomass production; and WPET – Water productivity based on ET.
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different palm ages, through the average pixel values in A1, A2, and A3
dwarf coconut areas. However, the irrigation water amounts (mm) were
monitored by hydrometer only in A2 (four-year-old palms) area
(Fig. 7).
Despite the similar WP tendencies among the all dwarf coconut
areas, the ETf average values ranged between 0.46 in October (DOY
294) in A3 and 1.08 in June (DOY 166–182) in A1, areas with re-
spectively five and three-year-old palms. The highest ETf values can be
considered as the crop coefficient - Kc (Mokhtari et al., 2019). Ac-
cording to Carr (2011), The Kc values for mature coconut crop range
from 0.50 to 1.02, with some evidence of seasonal variability, however,
for immature palms they should be probably lower.
Excepting from September 02 (DOY 246) to November 05 (DOY
310), when ETf values dropped below 0.50, the palm root-zones were
well water supplied, with the annual ETf averages from 0.69 (A2 and A3
areas) to 0.76 (A1 area), respectively. From the similarity on ETf values
outside the rainy period, disregarding palm ages, it could be assumed
no strong differences on irrigation water management among the dwarf
coconut areas.
The lower ETf values from September to November (DOY 230–310)
mean a gap between ET and the atmospheric demand, what should be
unfavorable for coconut yield (Madurapperuma et al., 2009). At the end
of the rainy period, previously accumulated irrigation of 134mm, be-
tween May 16 and June 16, was not enough to compensate the water
consumed and/or percolated, pointing out water stress conditions in
the palm root zones. Miranda et al. (2004) reported that more than 80%
of the absorptive dwarf coconut roots are located till 0.60m soil depth
in the study region.
It must be considered that during the first half of the year, all
cropped areas were covered by the dwarf coconut palms and inter-row
vegetation, due to rainfall (see Fig. 3). Then, the optimum soil moisture
beneficed both types of vegetation. After this period, however, the in-
vasive plants dried out, due to the localized irrigation. Because of the
large spaces between palms, the soil cover and moist fractions by the
irrigation system, estimated from field measurements, were only 0.45
and 0.32, respectively, what reduced ET while the atmospheric demand
increased, hence dropping ETf.
According to Roupsard et al. (2006), the ET partition into tran-
spiration (T) and evaporation (E) between coconut palms and inter-row
vegetation is considerably important to understand the water require-
ments and competition mechanisms. These authors, separating T and E
measurements by the sap flow method in coconut crop, found T re-
presenting 68% of ET, for a 75% of soil covered by the palms, much
larger than that for the current study.
Silva et al. (2012), from remote sensing measurements, reported an
ETf average value of 0.73, for a dwarf coconut in a triangular space of
7.5×7.5m in Paraíba state. Under the same palm space, Miranda et al.
(2007), applying the soil water balance in Ceará state, found ETf values
ranging from 0.63 to 1.02. Both studies were in coastal areas of the
Northeast Brazil, which results were very similar to ours outside the
driest period. Roupsard et al. (2006) by using the eddy covariance
method for estimating ET, obtained average ETf values of 0.79 and 0.59
for the cool and for the warm seasons, respectively, in the Republic of
Vanuatu, South Pacific Ocean. Carr (2011) presented a summary of
average ETf ranging from 0.37 to 1.02 for mature dwarf coconut.
According to Li et al. (2016), WPET is more affected by agronomy
practices than by climatic factors, and its improvements should be
based on advanced technologies involving crop and water management.
The current research brought the attention for controlling inter-row
invasive species during the rainy period, as for instance, by using
mulching, concentrating the water consumption only for the dwarf
coconut palms, while reducing the invasive species. Jayakumar et al.
(2017), through a field experiment in Coimbatore, India, reported the
benefits of polythene mulching on hybrid coconut, which increased
plant height, canopy development, spathe length, number of in-
florescence, number of bunches/palm/year and number of fruits/
bunch, raising WPET when compared with the control treatment
without mulch. In addition, mulching can help root-zone moisture
conservation during the following climatically drier periods after the
rainy season, minimizing the crop water stress (Carr, 2011; Resende
et al., 2015).
4. Conclusions
The joint use of Landsat 8 (L8) and an agrometeorological station
allowed quantification and analyses of the water productivity compo-
nents for irrigated dwarf coconut, under different ages, in the coastal
zone of the Ceará state, Northeast Brazil. It was demonstrated that daily
values of actual evapotranspiration (ET), biomass production (BIO) and
water productivity based on ET (WPET) can be estimated throughout
radiation measurements in the L8 band ranges of visible and near in-
frared, together with weather data, acquired close to the orchard, and
Fig. 5. Tendencies of the daily mean pixel values for actual evapotranspiration
(ET), biomass production (BIO), and water productivity based on ET (WPET), in
terms of day of the year (DOY), inside the areas with three (A1), four (A2), and
five (A3) years old dwarf coconut palms.
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yield measurements.
Analyzing the root-zone moisture index, i.e. the fraction of actual ET
to reference ET (ET0), it was noticed expressive differences among its
values, confronting the wettest and the driest periods, disregarding
palm ages. The results evidenced the need for inter-row weed control
throughout mulching, while conserving soil moisture during the cli-
matically driest periods of the year.
The analyses carried out may contribute to rational crop and irri-
gation management for dwarf coconut, giving more confidence to the
coupled applications of SAFER and RUE models to L8 images, together
with agrometeorological data, under the coastal conditions of the
Northeast Brazil. The modelling can be employed as a tool for man-
agement, agro-climatic zoning, and irrigation scheduling.
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